Abstract-The paper describes the design, fabrication, and measurements of a high-frequency ultrasound kerfless linear array prepared from hydrothermal lead zirconate titanate (PZT) thick film. The 15-µm hydrothermal PZT thick film with an area of 1 × 1 cm, obtained through a self-separation process from Ti substrate, was used to fabricate a 32-element 100-MHz kerfless linear array with photolithography. The bandwidth at −6 dB without matching layer, insertion loss around center frequency, and crosstalk between adjacent elements were measured to be 39%, −30 dB, and −15 dB, respectively.
I. Introduction U ltrasonic imaging is one of the most important diagnostic tools today and it is still growing. To obtain the desired spatial resolution images in clinical applications, the operating frequency of the medical ultrasound transducer has been driven higher and higher. To date, many efforts have been carried out to develop high-frequency ultrasound single-element transducers [1] [2] [3] [4] [5] [6] [7] [8] and linear arrays [9] [10] [11] [12] [13] . Because of its relatively simple structure, the single-element transducer fabrication process is more convenient and its operating frequency can more easily reach over 100 MHz [3] , [4] , [6] [7] [8] . Meanwhile, following more than a decade of study, the fabrication of high-frequency (>30 MHz) linear arrays has remained a challenge. The element pitch of the array must be in inverse proportion to the operating frequency, leading to high difficulty in building linear arrays at a frequency greater than 100 MHz. such arrays have the potential to provide a more detailed delineation of skin anatomy for early diagnosis of cancers such as melanoma or to image small structures in other parts of the body.
as indicated by the recent researches, piezoelectric films are good candidates for high-frequency transducer material [14] and micro-machining technology is a possible solution for high-frequency fabrication [15] , [16] , even though much improvement still must be made. Ito et al. have utilized sputtered Zno film to build a novel 100-MHz linear array by wet etching [17] . However, the piezoelectric coefficient and electromechanical coupling coefficient of Zno materials (d 33 ~ 7.5 pm/V, k t ~ 0.24) is very low [18] , [19] , and moreover, the element pitch produced is large (approximately 7λ in water at 100 MHz), making this array unsuitable for medical imaging. In our previous works, with lead zirconate titanate (pZT) thick films prepared by modified sol-gel method, an 80-MHz kerfed array and a 120-MHz kerfless linear array with 32 elements were fabricated using dry etching and photolithography, respectively [9] , [10] . compared with bulk pZT ceramic (k t > 0.5), the obtained pZT thick film had a lower electromechanical coupling coefficient (k t = 0.34). as a result, the insertion loss of linear array element was only −41 dB, which was too poor and needed to be improved. The effective way to overcome this issue is to enhance the pZT thick film's properties. recently, we have found that selfseparated hydrothermal pZT thick film after sol-gel filling and high-temperature annealing has high electromechanical coupling coefficient (k t = 0.52) which is comparable to that of bulk pZT 5H ceramic (0.53) [20] and over 1.5 times larger than that of pZT thick film prepared by the modified sol-gel method. In addition, a hydrothermal pZT thick-film single-element ultrasound transducer with a center frequency of 67 MHz and bandwidth at −6 dB of around 73% has been successfully fabricated [5] . Therefore, a higher-frequency linear array with this kind of film can be expected.
In this paper, the kerfless high-frequency (100-MHz) hydrothermal pZT thick-film linear array was developed as an alternative to kerfed arrays, because making fine kerfs at present is still a very expensive process [21] , [22] .
II. Experimental procedure
Using a hydrothermal method, 15-µm pZT thick film was deposited on a 50-µm-thick Ti substrate with an area of 1 × 1 cm. starting materials for the reaction were lead nitrate [pb(no 3 ) 2 99.0%], zirconium chloride oxide octahydrate (Zrocl 2 ·8H 2 o 99.0%), a powder of titanium oxide (Tio 2 99.0%), deionized water, and potassium hydroxide (KoH) as the mineralizer [23] . The chemical reaction of nuclear and crystal growth was processed in hydrothermal environment using an autoclave. In this process, the temperature and the pressure inside of autoclave were 160°c and 0.55 Mpa, respectively. For each process, the reaction time was about 12 h and the thickness of the film in- creased around 2 µm. The self-separation process and the treatments of sol-gel filling and high-temperature annealing were conducted according to [5] . The microstructure of the film was examined using a high-resolution field emission scanning electron microscope (sEM; s-3500n, Hitachi, Tokyo, Japan). Element analysis was characterized by energy dispersive spectrometer (Eds, EMaX 7593-H, Horiba, ltd., England). The capacitance, dielectric loss, and electrical impedance of the array element were evaluated using an Hp4294a impedance analyzer (Hewlett-packard company, palo alto, ca). The pulse-echo response of the array element was measured in deionized water bath at room temperature by reflecting the transmitted signal off a polished x-cut quartz target. a panametrics 5900pr pulser/ receiver (panametrics Inc., Waltham, Ma) was used to excite each element using 1-µJ, 50-Ω settings with 20 dB total gain on receiving. The reflected waveform received by the transducer was digitized using a 200-MHz oscilloscope (lc534, lecroy corp., chestnut ridge, ny). The 2-way insertion loss (Il) of the array element was tested using 20-cycle 5-V sinusoid high-frequency bursts generated by a Tektronix aFG2020 function generator (Tektronix Inc., richardson, TX). The signal loss from the attenuation in water (2.2 × 10 −4 dB·(mm·MHz 2 ) −1 ) and transmission into the quartz target (1.9 dB) was compensated in the final Il calculation. The crosstalk between the adjacent elements was also measured using a Tektronix aFG2020 function generator according to [14] .
III. results and discussion as described in the Fig. 1(a) , the self-separated hydrothermal pZT thick film with an area of around 1 × 1 cm has been obtained and the thickness determined by sEM cross-sectional image is about 15 µm. In Fig. 1(b) , the sEM surface image confirms that the free-standing film has no obvious physical damage; the Eds result of the film in pink square frame demonstrates the ratio of Zr and Ti is 53:47, suggesting that the composition of the pZT film is near morphotropic phase boundary (MpB).
The fabrication process of the linear array is illustrated in Fig. 2(a) . First, an au/cr (1000 Å/500 Å) layer was sputtered on one surface of the self-separated hydrothermal pZT film. Then, a conductive epoxy (E-solder 3022, Von roll Isola Inc., new Haven, cT) was cast on the au/cr layer, acting as the backing material and providing the electric connection for the common electrode. on the other surface of the film, a 1-µm insulating layer of si 3 n 4 was deposited and patterned to leave an opening for the working area of the linear array; the au/cr layer was patterned with photolithography to serve as the top electrode of each element. The mask designed for patterning is shown in Fig. 2(b) ; the linear array has a kerf of 12 µm, an element width of 24 µm, and an element length of 4 mm. according to our experience, a reasonable thickness of the top electrode is 1000 Å/500 Å (au/cr), because it can provide good conduction and only damp ~1 MHz of the center frequency. only in the working area are the top electrodes directly in contact with the film; all other areas are covered by the insulating layer of si 3 n 4 . The 26-aWG 50-Ω miniature coaxial cables (cooner Wire Inc., chatsworth, ca) were connected with the top electrodes by conductive silver epoxy. Finally, the prototype array was encapsulated in the brass housing, as shown in Fig.  2(b) . note that no substrate needs to be etched in this fabrication process. In our previous works [9] , [10] , there is a crucial but expensive step to etch si substrate under the working area by XeF 2 . Thus, the new fabrication process is much simpler and cheaper.
To acquire good pulse-echo signal and impedance peaks, the optimum poling condition for each element is 150 V at 150°c for 5 min. The poling electric field is 10 V/µm, which is much larger than that of pZT ceramics (normally ~2 to 3 V/µm) [24] . a similar phenomenon has been found in the poling process of pZT thick film pre- pared by modified sol-gel method [9] . Fig. 3(a) shows the uniformity of the array element behavior at 1 MHz and room temperature: the capacitance is located at around 30 pF and the dielectric loss is about 0.03. Most importantly, there are no broken elements observed. as shown in Fig. 3(b) , there is a peak in the phase curve at 100 MHz, indicating the center frequency of the array element is around 100 MHz, where the impedance of array element is 126 Ω. piezocad software (sonic concepts, Woodinville, Wa) was used to predict the performance of the kerfless arrays. In the modeling, E-solder 3022 was selected as the backing material and no matching was added. The properties of the film and E-solder 3022 are listed in Table I . The modeled data, as shown in Fig. 4(a) , suggests that the center frequency is 102 MHz and that the bandwidth at −6 dB may reach 43% without any matching layer. The measured result is shown in Fig. 4(b) : the array element presents a bandwidth of 39% at −6 dB at central frequency of 100 MHz. although the measured center frequency is in good agreement with the impedance result, it is still lower than the modeled one. This difference is mainly due to the ultrasound attenuation in the water at high frequency. after compensation for the attenuation caused by the water and reflection from the quartz, the insertion loss of the array element is determined to be −30 dB at 100 MHz, which is 11 dB better than that reported in [9] and [10] . at around the center frequency, the crosstalk of the adjacent elements was measured to be −15 dB. This relatively large cross talk is caused by the lack of isolation between elements, and we believe that it can be reduced by fabricating a kerfed array with a dry-etching process [10] . The performance of the transducer may be further improved by introducing matching layers to increase the bandwidth at the center frequency.
IV. conclusions
In summary, based on a 15-µm freestanding hydrothermal pb(Zr 0.53 Ti 0.47 )o 3 thick film with an area of around 1 × 1 cm, a high-frequency (100-MHz) kerfless linear array with 32 elements has been fabricated. Without a matching layer, the central frequency of the array element is measured to be 100 MHz and the bandwidth at −6 dB is 39%. at the center frequency, the insertion loss of the array element is determined to be −30 dB. To reduce the crosstalk and enhance the bandwidth, the fabrication of a 100-MHz hydrothermal pZT thick film kerfed linear array with a matching layer is in progress; this will be a promising option for the development of high-frequency ultrasound transducer technology. 
